A hydrogen compression technology using liquid as the compression piston is investigated from heat transfer point of view. A thermodynamic model, simulating a single compression stroke, is developed to investigate the heat transfer phenomena inside the compression chamber. The model is developed based on the mass and energy balance of the hydrogen, liquid, and the wall of the compression chamber at each time step and positional node with various compression ratios, to calculate the temperature distribution of the system. The amount of heat extracted from hydrogen, directly at the interface and through the walls, is investigated and compared with the adiabatic case.
Introduction
On board high-pressure hydrogen storage is an interesting option for the car manufacturers to provide hydrogen-powered vehicles that could compete with gasoline vehicles [1] . This technology requires compressing and storing hydrogen above 700 bar at fueling stations [2] which significantly increases the hydrogen delivery cost. Compression of the hydrogen to such high pressure and followed by cooling down the hydrogen to -40 C before refueling [2] is an area with high potential for efficiency improvement and reduction of power consumption. Although reciprocating compressors are widely used for hydrogen compression, they are associated with several limitations such as; 1) engagement of numerous moving parts, which is expensive to manufacture, difficult to maintain, and have short life time, 2) Lack of internal-cooling possibility during the compression processes, due to movement of the solid piston, and consequent necessity of pre-cooling the hydrogen prior to refueling.
Therefore, novel ideas are required to improve the system functionality and make it more feasible from energy and cost point of view. Liquid piston compressor is a unique approach that can be applied to explore such prospects. As indicated by its name, in this approach the solid piston used in conventional reciprocating compressors is replaced by a liquid piston.
The liquid piston concept was applied for the first time in an internal combustion engine known as Humphrey pump in 1906 [3] . However, to our knowledge, very few studies have investigated the heat transfer phenomena inside the compression chamber of the liquid piston compressors. A liquid piston compression was proposed as a concept to improve the behavior and the efficiency of the gas compression and expansion [4] . In this study, the compression chamber was divided to several small bores to improve the surface area to volume ratio in the working chamber [4] . Similar methodology as [4] has been used in [5] for developing numerical method, using finite difference method to investigate the theoretical efficiency of liquid piston and recognize optimal system characteristics. Moreover, a thermodynamic model for a two stage liquid piston compressor, applied in the compressed air energy storage systems has been developed before [6] . However, none of these studies considered the real properties of the operating gas and liquid, heat transfer through interface, and role of the compressor 's wall resistance [4] [6] . Several other studies have investigated the trajectories of the compressor/ expander that lead to optimal tradeoff between efficiency and power in compressed air energy storage systems [7] [8][9] [10] . Although, heat transfer model plays an important role in finding the optimal 3 trajectory, none of these studies used a detailed heat transfer model. The main objective of this study is to develop a detailed heat transfer model which covers most of the shortcomings which have not been covered in the previous studies mentioned above, in order to investigate the heat transfer phenomena inside the compression chamber of the liquid piston compressor and point out the critical parameters that could maximize the amount of heat which can be extracted from the compressed gas for further optimization purposes.
Methodology
A single compression stroke of a reciprocating liquid piston gas compressor is simulated to predict the heat transfer to the liquid, wall, and surrounding, and accordingly estimate the system pressure and temperature. Figure 1 represents the cross-sectional view of a compression chamber and outlines its components and schematic heat transfer mechanisms among those. As illustrated in Fig. 1 , it is assumed that at each time step, the properties of liquid and gas are distributed uniformly, whereas the wall is discretized into n positional nodes. A node system can be defined with "i" as the subscript identifying a node where the heat transfer occurs. At each time step the number of nodes in contact with liquid and gas is determined; consequently the wall temperature at each positional node is estimated. The model is build based on the properties of hydrogen, considering it as a real gas, and water, using EES Software [11] . All the properties of water and hydrogen are calculated at each time step based on the estimated temperature and pressure.
The application of this analysis is a single stage compressor to compress hydrogen for hydrogen refueling stations. The compressor is intake hydrogen at 100 bar and 303 K and compress it with a pressure ratio of 5:1 to 500 bar when running at a compression frequency of 2.5 Hz. The compression chamber is a cylinder made of Stainless steel (AISI 316) with the wall thickness of 0.022 m. Inside diameter, and the stroke length of the piston are 0.08 and 0.2 m, respectively. The total displaced piston volume is 0.9 L, considering the point that 10% of the volume is occupied by water from the beginning to avoid the penetration of Hydrogen into the hydraulic system. The speed of compressor is controlled by adjusting the rotating speed of hydraulic pump.
The following section develops the equations for the thermodynamic model analyzing the heat transfer inside the compression chamber.
Figure 1 -the cross-sectional view of a compression chamber and schematic heat transfer mechanisms between the gas (white)
, the liquid (green) and the wall.
Mass and energy balance
Since the compression will start after the inlet valve is closed, the total amount of Hydrogen trapped in the compression chamber is constant during the compression procedure. Hence, the energy conservation of the gas is determined from the first law of thermodynamics for a closed system as following:
where gas M is the total hydrogen mass inside the compression chamber, dt du gas is the change in internal energy of hydrogen, gas Q  is the total rate of heat transfer between hydrogen and the wall, and hydrogen and the water, and dt dV P is the rate of work which is done by water on the gas side to compress hydrogen. The energy equation for the liquid has the following form
Since water is pumped into the compression chamber, the energy equation for open system is employed to the liquid, where dt dH in is the enthalpy flow of water entering the compression chamber. The enthalpy of water enters the compression chamber ) ( in h is estimated based on isentropic efficiency of the pump and assuming the inlet conditions of 298 K and 1.013 bar for water. The isentropic efficiency of 0.7 is assumed for the pump. Moreover, liq Q  is the total rate of heat transfer between water and the wall, and water and hydrogen, and liq M is water mass which can be calculated based on the constant mass flow rate as following
where 0 liq M is the initial water mass occupied compression chamber at time t = 0 second. 
 is the rate of heat transfers between hydrogen or water and the wall estimated based on convection mechanism, and erface Q int  is the rate of heat transfers between water and hydrogen estimated based on the conduction mechanism, at each time step. In order to estimate liq Q  in Eq. 4, m is equal to 1 and n corresponds to the last node where water is in direct contact with the wall. However, for gas Q  , m is equal to the node where hydrogen is in direct contact with water and n corresponds to the total number of discretization. 6 
Heat transfer analysis
The hydrogen temperature will increase during the compression procedure. Due to direct contact between the hydrogen and water, the heat will directly transfer from hydrogen to water based on newton's law of cooling
where erface UA int is the total heat transfer coefficient and can be calculated based on conduction between water and hydrogen as Moreover, due to temperature difference between hydrogen and the compressor wall, heat begins to flow into the vessel's wall through convection; in which part of the heat will be absorbed by water and the rest will be transferred to the surrounding. Depending on the distance from bottom of the chamber, heat transfer coefficient of the gas, wall resistance, and the total amount of external cooling, water may absorb heat from the wall or transfer heat towards the wall. The amount of heat transfer from the liquid or the gas through the wall can be calculated as
where i w T , is the wall temperature at node , and i w UA , is the total heat transfer coefficient which can be calculated based on total resistance of gas or liquid side and the wall
and L is equal to the total length of the piston, w t is the wall thickness, n is the total number of nodes, D is the piston diameter, w K and i h are the thermal conductivity of the wall and convective gas or liquid heat transfer coefficient, respectively.
The following energy balance in the wall is used to estimate the wall temperature, and the amount of heat which will transfer from the gas side towards water or to the surrounding at each positional node and time step.
stands for the axial conduction heat rate, and radial convection heat rate transfers inside the wall and towards the surrounding respectively, and it can be calculated as
In Eq. 12 and 13 w A is the cross sectional area of the wall, amb T and air UA are the ambient temperature and the total heat transfer coefficient between outlet flow and the wall. air UA can be calculated from
where sur h is the convective heat transfer coefficient to the surrounding. In the present study it is assumed that the wall will be cooled down by an external air flow with constant convective heat transfer coefficient equal to 100 K m W It is assumed that hydrogen has the same velocity as water all over the piston. This can be a good estimation for predicting the bulk motion of the gas. However, in reality this motion will decay throughout the end of the stroke. A fair amount of work have been done on estimation of the [20] 1963 0.70 0.7 0.7 0.0 Adair et al. [16] 1972 0.05 0.8 0.6 0.0 Hamilton [17] [20] 1974 0.02 0.8 0.6 0.0 Liu & Zhou [18] 1984 0.75 0.8 0.6 0.0 Hsieh et al. [19] 1996 0.16 1.1 0.0 0.1
The first correlation in Table 1 is Annand proposed a correlation for internal combustion engines, whereas neglecting the combustion terms and replacing Re-number by Peclet-number ( Pr Re ), the correlation can be used for the compressors with rather good accuracy [20] , as shown in Table 1 
It should be mentioned that for calculating the convective coefficient of the liquid, Dittus & Boelter equation which is shown in Table 1 is used. Furthermore, in case of longer compression period where the gas or liquid regime changed from turbulent to laminar condition Eq. 17 with A= 0.664, a= 0.5, b=0.3 coefficients is used [22] .
After defining all the parameters, Eq. 1, 2, and 3 can be solved simultaneously by using forward differencing numerical integration and updating the properties of the system at every time step based on the predicted temperature and pressure.
Results and Discussion
The results obtained for the heat analysis of reciprocating liquid piston compressor is presented in this section. Figure 2 shows . Such trend can be explained by decreasing the swirl movement of the gas as the piston moves towards the top dead center.
Figure 2 -Nusselt-number as a function of Reynolds-number, calculated based on seven different correlations
As the hydrogen is compressed from 100 to 500 bar, the hydrogen temperature will rise from 300 K to about 477 K in adiabatic case. When the hydrogen temperature exceeds the temperature of the cylinder wall, all the previously described correlations will predict heat transfer into the wall. Figure 3 shows the hydrogen temperature during the compression procedure, considering heat transfer at the interface and through the walls based on seven heat transfer correlations mentioned above, and compare them with the adiabatic case, for one set of operating conditions. Zhou correlations used, and concluded that Annand correlation showed the best fit [20] . It was also pointed out that correlation suggested by Hamilton, results in almost no heat transfer [20] , similar trend observed in the present study. Unlike the developed model in the current study, In previous studies which have used the first law of thermodynamic and heat transfer correlations for prediction of gas temperature inside the compressor, wall temperature equal to ambient temperature is assumed [4] [6] . Such models did not take into account the wall resistance, which is essential for estimation of the gas temperature inside the compressor.
Additionally, it can be observed in Fig. 3 that the interface does not play an important role in cooling the hydrogen temperature. It should also be mentioned that the current study only considers the conduction mechanism between liquid and gas, but in real conditions, heat transfer behavior may become more complicated than the conduction mechanism which may affect the results.
13 Figure 3 -Hydrogen temperature as a function of piston travel, calculated for seven different heat transfer correlations, as well as adiabatic case Figure 4 shows the temperature distribution along the wall of compressor at the end of compression processes. As expected, the wall temperature at the top side of the compression chamber is closer to the temperature of the compressed hydrogen from the correlations that estimate larger heat transfer coefficients for the gas. Figure 4 -Temperature distribution in cylinder wall, the colors inside the chamber represent the space inside compression chamber occupied by liquid (green) and the gas (red) at the end of compression processes Equations 5, 8, and 14 show that increasing the total heat transfer coefficient, both at the interface and the wall, will increase the amount of heat flux and consequently reduce the hydrogen temperature. Table 2 shows the role of three parameters of total heat transfer coefficient at the interface, at the wall, and compression time, in reduction of hydrogen temperature from the adiabatic case. It can be seen that increasing the total heat transfer coefficient by factor of F and compression time, the deviation of hydrogen temperature compared to the adiabatic case will increase (Tadiabatic at 500 bar = 477.1 K) . Figure 5 shows the changes of pressure and temperature during 0.4 seconds and 3.5 seconds of compression, considering that the total heat transfer coefficient is 10000 times larger than what is estimated by Eq. 6 and using Annand correlation for calculating the convective coefficient of the gas. Figure 5a shows lower pressure compared to adiabatic case for the above mentioned scenarios. The main reason of such behavior can be explained by significant reduction of temperature due to considerable increase of heat flux at the interface. As observed in Fig. 5b , the temperature reduction of 5-6% and 22% during the 0.4 and 3.5 s compression compared to adiabatic case, at 500 bar corresponding to 69% of piston travelling. Increasing the compression time leads to transfer of more heat from the gas side to liquid and consequently larger reduction of gas temperature.
Increasing the total heat transfer coefficient up to 10000 times larger than what is estimated, requires increasing the heat transfer area by the same amount. This is practically not passible by increasing the diameter versus the length of the cylinder. Spraying liquid into compression chamber can increase the contact area between liquid and gas considerably, but still requires a detailed modeling to estimate the total amount of heat transfer that can be removed when such technology is used. Furthermore, increasing the total heat transfer coefficient between gas to wall, liquid to wall, and wall to air can also play an important role in decreasing the hydrogen temperature. As shown in Fig. 6 , Hydrogen pressure during the compression decreases compared to adiabatic case, mainly due to the significant reduction of temperature. It can be seen in Fig. 6 that if the total heat transfer coefficient in Although increasing compression time also plays role in decreasing the temperature, there is a limitation regarding this parameter. The main reason of that is the considerable reduction of the hydrogen and water speed by increasing compression time which will lead to changes of the flow regime from turbulent to laminar condition. The heat transfer coefficients of the hydrogen and liquid will decrease in laminar regime, hence decreasing the total heat transfer coefficient. 
Conclusion
This work presents a study on heat transfer analysis of liquid piston compressor. A model is developed based on the first law of thermodynamics in a reciprocating liquid piston compressor to predict the system's temperature and pressure at different time steps. The amount of heat transferred from the hydrogen towards the wall is estimated according to different heat transfer correlations. The results show small changes in hydrogen temperature, between 0.2 % and 0.4 %, compared to adiabatic case, due to large wall resistance and small contact area between gas and liquid at the interface.
Furthermore, sensitivity analysis of the model based on the total heat transfer coefficients at the interface and the wall, and the compression time proves the key role of these parameters in reduction of hydrogen temperature during the compression procedure. Increasing the total heat transfer coefficient at the interface (10000 times) or at the wall (200 times), leads to 6 % or 20% reduction of hydrogen, compared to the adiabatic case, at 500 bar, during 3.5 seconds compression, respectively. Increasing the compression time to 3.5 seconds will lead to further reduction of hydrogen temperature to 22 % or 33 % respectively. Increasing total heat transfer coefficients requires increasing total heat transfer area by the same factor. Spraying liquid into the compression chamber can be considered as one of the practical techniques for increasing the total heat transfer area at the interface and further optimization purposes.
